Intramyocellular triacylglycerol (TG) is an important energy store, and the energy content of this depot is higher than the energy content of the muscle glycogen depot. It has recently been shown that the mobilization of fatty acids from this TG pool may be regulated by the neutral lipase hormone-sensitive lipase (HSL). This enzyme is known to be rate limiting for intracellular TG hydrolysis in adipose tissue. The presence of HSL has been demonstrated in all muscle fibre types by Western blotting of muscle fibres isolated by collagenase treatment or after freeze-drying. The content of HSL varies between fibre types, being higher in oxidative fibres than in glycolytic fibres. When analysed under conditions optimal for HSL, neutral lipase activity in muscle can be stimulated by adrenaline as well as by contractions. These increases are abolished by the presence of anti-HSL antibody during analysis. Moreover, immunoprecipitation with affinity-purified anti-HSL antibody causes similar reductions in muscle HSL protein concentration and in measured neutral lipase responses to contractions. The immunoreactive HSL in muscle is stimulated by adrenaline via b-adrenergic activation of cAMPdependent protein kinase (PKA). From findings in adipocytes it is likely that PKA phosphorylates HSL at residues Ser 563 , Ser 659 and Ser 660 . Contraction probably also enhances muscle HSL activity by phosphorylation, because the contraction-induced increase in HSL activity is elevated by the protein phosphatase inhibitor okadaic acid and reversed by alkaline phosphatase. A novel signalling pathway in muscle by which HSL activity may be stimulated by protein kinase C (PKC) via extracellular signal-regulated kinase (ERK) has been demonstrated. In contrast to previous findings in adipocytes, in muscle the activation of ERK is not necessary for stimulation of HSL by adrenaline. However, contraction-induced HSL activation is mediated by PKC, at least partly via the ERK pathway. In fat cells ERK is known to phosphorylate HSL at Ser 600 . Hence, phosphorylation of different sites may explain the finding that in muscle the effects of contractions and adrenaline on HSL activity are partially additive. In line with the view that the two stimuli act by different mechanisms, training increases contraction-mediated HSL activation but diminishes adrenaline-mediated HSL activation in muscle. In conclusion, HSL is present in skeletal muscle and can be activated by phosphorylation in response to both adrenaline and muscle contractions. Training increases contraction-mediated HSL activation, but decreases adrenaline-mediated HSL activation in muscle.
The enzyme hormone-sensitive lipase (HSL) was first identified in adipose tissue as a lipase sensitive to catecholamines by Vaughan et al. (1964) . It is now well established that HSL is the rate-limiting enzyme of intracellular triacylglycerol (TG) breakdown in adipose tissue . Interestingly, from recent studies on skeletal muscle it seems probable that HSL also plays a key role in the regulation of intramuscular TG breakdown (Langfort et al. 1999 (Langfort et al. , 2000 (Langfort et al. , 2002 Enevoldsen et al. 2001; Donsmark et al. 2003) .
In skeletal muscle a considerable amount of TG is stored, and this store contains more energy than the muscle glycogen depot (Van der Vusse & Reneman, 1996) . The stored TG is deposited in lipid droplets that are localized in close proximity to the mitochondria where the b oxidation of fatty acids takes place (Oscai et al. 1990) . Several studies have demonstrated that the intramuscular TG constitutes a dynamic energy store that can be mobilized by catecholamines (Abumrad et al. 1980; Fredrikson et al. 1986) , exercise (Carlson et al. 1971; Reitman et al. 1973) and electrical stimulation of skeletal muscle (Spriet et al. 1986; Hopp & Palmer, 1990) . The breakdown of intramuscular TG by catecholamines is compatible with a role for HSL in the regulation of TG in skeletal muscle. However, three different types of TG lipases have been demonstrated in skeletal muscle, which are characterized by distinct pH optima (Oscai et al. 1990 ; Van der Vusse & Reneman, 1996) . One of these lipases is a lysosomal lipase with an in vitro pH optimum of 5. Another lipase is lipoprotein lipase, which has been accepted as the lipase responsible for intramuscular TG hydrolysis for several years because there is a direct relationship between lipoprotein lipase activity and TG breakdown under various conditions (Oscai et al. 1990 ). However, this notion is probably not correct because in muscle cells lipoprotein lipase is produced as a secretory protein and resides inside vesicles. Furthermore, the intracellular milieu would not be compatible with optimum functioning of lipoprotein lipase, which requires a pH of 8 . 5 and the presence of apoprotein C-2 (Oscai et al. 1990; Van der Vusse & Reneman, 1996) . The third type of lipase in muscle is a neutral lipase.
As mentioned earlier, in adipocytes the hydrolysis of TG is catalysed by HSL, which is a neutral lipase with a pH optimum of 7. Interestingly, two studies have indicated by the use of Northern and Western blotting that HSL is expressed in skeletal muscle (Holm et al. 1987 (Holm et al. , 1988 . However, it cannot be excluded that the HSL detected in these two studies originated from adipocytes interlaced between muscle fibres. Nevertheless, a possible role for HSL in skeletal muscle is in accordance with the previously mentioned influence of different physiological conditions on muscle TG metabolism. The present paper describes recent findings relating to HSL metabolism in rat muscle.
Enzymic properties of hormone-sensitive lipase
The breakdown of stored TG in adipocytes is catalyzed by the two enzymes HSL and monoacylglycerol lipase and takes place through three successive steps (Fredrikson et al. 1986; Straalfors et al. 1987) . The breakdown of TG in adipocytes is controlled by HSL because in the nonstimulated state the enzyme has a ten-fold higher activity towards diacylglycerol (DG) than towards TG (Straalfors et al. 1987) . When stimulated by catecholamines HSL becomes phosphorylated and activated by cAMP-dependent protein kinase (PKA) acting at residues Ser 563 , Ser 659 and Ser 660 , the two latter sites being the major sites controlling activity and translocation (Anthonsen et al. 1998; Su et al. 2003) . The catalytic activity is increased towards TG whereas the activity towards DG remains unchanged (Straalfors et al. 1987; Yeaman, 1990; Anthonsen et al. 1998; Holm & Østerlund, 1998) . Thus, the activated form of HSL can be estimated by a TG substrate (HSL (TG) activity) and the total enzyme concentration can be measured using a DG substrate (HSL (DG) activity).
Expression of hormone-sensitive lipase in rat skeletal muscle
The expression of HSL in rat skeletal muscle was first demonstrated by Holm and colleagues using Western blotting (Holm et al. 1987) and Northern blotting (Holm et al. 1988) . Both studies were carried out using non-dissected muscle tissue, which means that the detected HSL may have originated from adipocytes interlaced between muscle fibres. To exclude the possibility of contamination studies have been carried out on soleus muscles from young male Wistar rats weighing about 70 g to obtain pure muscle. In these muscle cells there is an abundance of lipid droplets scattered throughout the cytoplasm (Langfort et al. 1999) .
The presence of HSL in skeletal muscle cells has been demonstrated by Western blotting using an affinity-purified chicken antibody raised against HSL from rat adipose tissue. Expression of HSL has been found whether Western blotting is carried out on muscle fibres isolated by dissection after freeze-drying or on fibres washed three times after collagenase isolation (Langfort et al. 1999) . Another finding that strengthens the notion that HSL is present inside skeletal muscle cells and not in surrounding fat cells is that HSL (TG): HSL (DG) in skeletal muscles differs from that in epididymal adipose tissue (Langfort et al. 1999) . There is a correlation between the expression of HSL and fibre type; HSL expression is 4-9 times higher in soleus and diaphragm muscles, which contain predominantly type I and type IIa fibres, compared with extensor digitorum longus, which contains an equal number of type IIa and type IIb fibres, and epitrochlearis muscle, which mainly contains type IIb fibres (Langfort et al. 1999) . There is a direct correlation between the variation in the expression of HSL in different muscle types and the known variation in TG concentration and oxidative capacity (Van der Vusse & Reneman, 1996; Langfort et al. 1999) .
Activation of hormone-sensitive lipase by adrenaline in rat muscle HSL in rat skeletal muscle can be activated by adrenaline (Langfort et al. 1999) . HSL (TG) activity increases after 2 min of stimulation with adrenaline and remains constant up to 20 min. HSL (DG) activity does not change. This finding indicates that a neutral lipase in rat soleus muscle is activated by adrenaline and that the total enzyme concentration remains constant. Furthermore, the notion that HSL is the lipase that is responsible for the adrenalineinduced increase in HSL (TG) activity is confirmed, since no activation is found when the supernatant fraction from adrenaline-stimulated muscle is incubated with an antibody against HSL before measurements. Under identical conditions HSL (DG) activity is not completely abolished, indicating that other lipases are also expressed in rat skeletal muscle (Langfort et al. 1999) .
On the basis of findings on the regulation of HSL in adipose tissue and heart it has been assumed that the effect of adrenaline on HSL in rat skeletal muscle is mediated by b-adrenergic receptors and PKA (Small et al. 1989; Langin et al. 1996; Anthonsen et al. 1998) . This view is supported by the finding that the effect of adrenaline on HSL activation in muscle is completely prevented by the b-adrenergic receptor blocker, propranolol, and mimicked by incubation of the crude supernatant fraction from non-stimulated muscles with the catalytic subunit of PKA (Langfort et al. 1999) . From findings in adipocytes it is likely that PKA phosphorylates HSL at residues Ser 563 , Ser 659 and Ser 660 (Anthonsen et al. 1998 ).
Activation of hormone-sensitive lipase by muscle contractions
In rat skeletal muscle HSL can be activated by electricallyinduced muscle contractions (Langfort et al. 2000) . HSL (TG) activity increases markedly to the level observed during adrenaline stimulation (about 50%) after 1 min of contractions and remains elevated for 5 min. The activation of HSL is transient as HSL (TG) activity declines to the basal level during further stimulation. HSL (DG) activity does not change during muscle contractions (Langfort et al. 2000) . These results indicate that the HSL enzyme activity increases whereas the HSL concentration remains constant during contractions. In confirmation that HSL is in fact the lipase responsible for the increase in neutral lipase activity associated with contraction, it has been shown that there is no measurable contraction-induced activation when the supernatant fraction from contracted muscle is incubated with anti-HSL antibody before measurements. Furthermore, immunoprecipitation of HSL causes an 80% reduction in HSL protein from the muscle supernatant fraction and this reduction is accompanied by similar reductions in both HSL (TG) activity and in the contraction-induced increase in HSL activity, again supporting the notion that HSL is the lipase responsible for the increase in neutral lipase activity during electrical stimulation of muscle (Langfort et al. 2000) . It may be speculated that the effect of electrical stimulation, rather than reflecting effects of contraction, is the result of activation of intramuscular sympathetic nerve fibres, which in turn increases the HSL activity in adipocytes or muscle cells. However, this reasoning is not correct, because the increase in HSL (TG) activity upon electrical stimulation is not affected by propranolol in a dose known to abolish the adrenaline-induced increase in HSL activity in muscle (Langfort et al. 2000) . Furthermore, the response to electrical stimulation is intact in sympathectomized muscle (Langfort et al. 2000) . The possibility that electrical stimulation directly activates adipocytes within muscle is excluded by the finding that electrical stimulation of epididymal fat for 5 min does not influence HSL (TG) activity in epididymal fat (Langfort et al. 2000) . The involvement of phosphorylation in the contraction-induced activation of HSL has been investigated by incubating soleus muscles with the phosphatase inhibitor okadaic acid. The presence of the inhibitor doubles the contraction-mediated increase in HSL (TG) activity. Conversely, the contraction-induced increase in HSL (TG) activity is rapidly reversed by the addition of alkaline phosphatase to a homogenate from contracted muscle (Langfort et al. 2000) . Thus, these findings indicate that the contraction-induced activation of HSL involves phosporylation and is independent of sympathetic activity.
In order to explore the interactions between adrenaline and contractions both stimuli have been applied simultaneously on incubated soleus and extensor digitorum longus muscles. The two stimuli have a partially additive effect on HSL (TG) activity in both muscle types . This finding indicates that adrenaline and contractions activate HSL by at least partly different signalling pathways. It may be suggested that two different isoforms of HSL are expressed in skeletal muscle; one isoform being activated by adrenaline and the other activated by contractions. However, this suggestion is probably not correct, as full additivity would then be expected and only partial additivity is observed when the two stimuli are combined. Thus, the additivity observed at combined stimulation may reflect the possibility that adrenaline and contractions activate different kinases, which in turn phosphorylate HSL at different sites on the isoform expressed in skeletal muscle.
Based on the earlier information and the fact that the intramuscular Ca 2+ concentration increases at the onset of muscle contractions it is tempting to speculate that the contraction-induced activation of HSL is mediated by a Ca 2+ -dependent mechanism. From studies of adipocytes it is known that the Ca 2+ /calmodulin-dependent kinase II inhibits rather than increases the HSL activity . However, it has been suggested that Ca 2+ stimulates HSL via Ca 2+ -activated protein kinase C (PKC). To test this hypothesis soleus muscle has been incubated with the PKC inhibitors Bisindolylmaleimide I and Calphostin C in concentrations that do not influence force development during muscle contractions. Both inhibitors abolish the contraction-mediated HSL activation but do not affect the adrenaline-mediated HSL activation (Fig. 1 , only results from experiments with Calphostin C are shown; Donsmark et al. 2003) . These findings indicate that PKC plays a key role in the contraction-mediated HSL activation. In line with this view it has recently been reported that in adipocytes PKC phosphorylates HSL at Ser 600 via the extracellular signal-regulated kinase (ERK) (Greenberg et al. 2001) . Moreover, contractions increase ERK activity in skeletal muscle, while adrenaline does not influence this activity (Napoli et al. 1998; Widegren et al. 2001) . As Bisindolylmaleimide I inhibits all classes of PKC, whereas Calphostin C does not inhibit atypical PKC, either conventional or novel PKC isoforms seem to be involved in the contraction-induced HSL activation.
When incubated soleus muscle is treated with the specific mitogen-activated protein kinase kinase inhibitor U0126 the phosphorylation of ERK 1 and ERK 2 in response to contraction is totally abolished and is accompanied by a 50% inhibition of the contraction-mediated HSL activation. There is no effect on the adrenalinemediated HSL activation . These results indicate that ERK is involved in the contractionmediated HSL activation, and also that the effect of PKC on HSL is not mediated entirely by ERK. These results are supported by the finding that activated ERK mimics the effect of contractions when added to supernatant fraction from non-stimulated muscle, but has no effect when added to the supernantant fraction from electrically-stimulated muscle ; Fig. 2 ). The view that PKC and ERK have a key position in the contraction-induced HSL activation has been further substantiated by the finding that the DG analogue phorbol 12-myristate 13-acetate activates ERK 1 and ERK 2 to the same extent as contraction and also increases HSL (TG) activity . However, the increase in HSL (TG) activity is only 50% of that obtained in response to contractions.
These results again indicate that ERK activation only partially explains contraction-induced HSL activation. Finally, more indirect evidence that Ca 2+ may be involved in the stimulation of HSL has been obtained by incubating soleus muscle with caffeine at a concentration known to increase the sarcoplasmic Ca 2+ concentration without eliciting contraction. Caffeine causes a small (17 %) increase in HSL activity with no change in ERK activity . This finding is in line with the studies mentioned earlier that support the notion that during contractions PKC may also activate HSL by mechanisms other than through ERK.
Influence of the AMP-activated kinase on hormone-sensitive lipase
To further explore the regulation of HSL in rat skeletal muscle the influence of the AMP-activated kinase (AMPK; which is known to enhance NEFA oxidation in skeletal muscle) on HSL activity has been investigated during basal conditions and during contractions. When epitrochlearis muscles are incubated with or without the AMP analogue and AMPK activator 5-aminoimidazole-4-carboxamide-1-b-D-riboside (AICAR; 2 mM), and either rested or contracted, HSL activity in resting muscle is markedly decreased by AICAR. In contrast, AICAR has no effect on the contraction-induced HSL activation. Pre-incubation of supernatant fractions with anti-HSL antibody completely prevents the AICAR-induced decrease in HSL (TG) activity, confirming that HSL is the neutral lipase that is manipulated by AICAR in rat muscle (M Donsmark, J Langfort, C Holm, T Ploug and H Galbo, unpublished results). These findings suggest that during intracellular energy crises in the resting state AMPK activity tends to preserve intramuscular TG stores by lowering HSL activity, thereby switching to aerobic and anaerobic glycolysis, which gives a higher ATP yield per molecule O 2 combusted. During intense contractions AMPK activity in muscle is increased. This finding may explain why AICAR does not influence HSL (TG) activity during contractions:
The increase in HSL (TG) activity during intense contractions is the net result of enhancing Ca 2+ -mediated mechanisms and inhibiting AMPK-mediated mechanisms, and any further AICAR-induced increase in AMPK may not be able to influence this balance.
Role of hormone-sensitive lipase in skeletal muscle
The effect of HSL on intramuscular TG breakdown has recently been investigated by using soleus muscle from HSL null mice. During muscle contractions there is an increase in glycerol release in wild type mice (P < 0 . 056), but no change in the HSL null mice (M Donsmark, J Langfort, C Holm, T Ploug and H Galbo, unpublished results). These data are the first to indicate that HSL is responsible for the breakdown of intramuscular TG during muscle contraction.
Effect of endurance training on hormone-sensitive lipase in rat skeletal muscle
Long-term adaptations of HSL take place in adipose tissue during fasting, obesity, pregnancy and exercise training (Sztalryd & Kraemer, 1994; Martin, 1996; Large et al. 1998 Large et al. , 1999 Enevoldsen et al. 2001) . The influence of training on TG breakdown in exercising muscle is a controversial issue. However, most evidence indicates that in response to a single exercise bout at a given intensity there is a greater depletion of TG in trained muscle than in untrained muscle despite reduced catecholamine levels and plasma NEFA turnover (Galbo, 1983; Hurley et al. 1986; Phillips et al. 1996) . This response may reflect an increase in the amount of HSL in trained muscle or increased sensitivity to stimulation of the enzyme by adrenaline and/or contraction. It has previously been found that HSL protein concentration and total enzyme activity (HSL (DG) activity) in muscle do not differ between endurance-trained and sedentary rats (Enevoldsen et al. 2001) . Furthermore, HSL sensitivity to stimulation by adrenaline is decreased in extensor digitorum longus and soleus muscles after training. The diminished HSL (TG) : HSL (DG) during stimulation of trained muscle is accompanied by lower muscle glycerol release in vivo in trained rats compared with untrained rats (Enevoldsen et al. 2000) . Thus, the difference in adrenaline activation of HSL cannot explain the greater muscle TG breakdown in trained rats compared with untrained rats. On the other hand, endurance training increases the contraction-mediated HSL (TG) activity in soleus muscle both in the absence and in the presence of adrenaline during contractions. Thus, an augmented muscle HSL (TG) response to exercise probably contributes to the training-induced enhancement of muscle TG breakdown during exercise (Langfort et al. 2002) . No effect of training has been observed in extensor digitorum longus muscle. Assuming that this muscle is only minimally activated during the training (running) programme, the findings indicate that training enhances HSL activation in muscle by local contraction-mediated mechanisms, and not by systemic mechanisms. However, the different responses in soleus muscle compared with extensor digitorum longus muscle may also reflect differences in the fibre type composition between these muscles. Again, the opposite effects of training on contraction-mediated and adrenalinemediated HSL activation in muscle are in line with the view that the two stimuli act by different mechanisms.
Conclusions
In conclusion, HSL is present in skeletal muscle cells and is expressed at a higher level in oxidative fibres than in glycolytic fibres. The two physiological stimuli adrenaline and contractions increase muscle HSL activity, and the effects are partially additive. Adrenaline acts via badrenergic activation of PKA, while the effect of contractions is mediated by PKC, at least partly via the ERK pathway. Endurance training diminishes the sensitivity of muscle HSL to adrenaline but increases the contractionmediated HSL activation.
